The budding yeast Saccharomyces cerevisiae provides a unique opportunity for study of the microtubule-based motor proteins that participate in mitotic spindle function. The genome of Saccharomyces encodes a relatively small and genetically tractable set of microtubule-based motor proteins. The single cytoplasmic dynein and five of the six kinesin-related proteins encoded have been implicated in mitotic spindle function. Each motor protein is unique in amino acid sequence. On account of functional overlap, no single motor is uniquely required for cell viability, however. The ability to create and analyze multiple mutants has allowed experimental dissection of the roles performed by each mitotic motor. Some of the motors operate within the nucleus to assemble and elongate the bipolar spindle (kinesin-related Cin8p, Kip1p, Kip3p and Kar3p). Others operate on the cytoplasmic microtubules to effect spindle and nuclear positioning within the cell (dynein and kinesinrelated Kip2p, Kip3p and Kar3p). The six motors apparently contribute three fundamental activities to spindle function: motility, microtubule cross-linking and regulation of microtubule dynamics. ß
Introduction
The complex motile behavior of the microtubulebased mitotic spindle causes the segregation of replicated chromatids, a process essential for cell reproduction. The budding yeast Saccharomyces cerevisiae has provided a unique system for the analysis of the microtubule-based motor proteins that drive spindle motility events. In addition to the available complete Saccharomyces genomic sequence [1] and the genetic tractability of this organism, these cells often accomplish cellular processes using mechanisms that are conserved but less complex than homologous functions in higher eukaryotes. The focus of this review, mitotic motor proteins, illustrates all of these experimental advantages. We will discuss the spindle motors of Saccharomyces because this represents the only system where all the participants are known and each can be genetically manipulated. However, we will routinely cite ¢ndings from other experimental systems where relevant. Indeed, we seek an explanation of the fundamental mechanisms of spindle function for all eukaryotic cells.
During the vegetative growth of Saccharomyces, microtubules perform only a single essential role, mitotic spindle function [2] . This contrasts with animal cells where microtubules and their associated motor proteins perform other essential roles as well (i.e., intracellular transport). Saccharomyces encodes a relatively small set of microtubule-based motor proteins of the kinesin and cytoplasmic dynein superfamilies. Of the six kinesins and single dynein encoded, all but one participate in mitotic spindle function. (For comparison, the complete genome of the nematode Caenorhabditis elegans encodes 19 kinesins and two dynein heavy chains and the partially complete genome of the ¢ssion yeast Schizosaccharomyces pombe encodes eight kinesins and one dynein heavy chain ( [3] , http://genome-www.stanford.edu/ Saccharomyces/worm/, and http://www.sanger.ac.uk/ Projects/S_pombe/). Study of this`stripped-down' or minimal complexity system will be simpler than higher cells and should reveal fundamental mechanisms at a quicker rate.
Even though the six Saccharomyces mitotic motors are performing roles essential for cell duplication and each is distinct in amino acid sequence, none are uniquely required for cell viability. This is due to functional overlap between their activities; more than one motor can perform each essential task. Spindle motors can also antagonize each other; proper bipolar spindle assembly requires the actions of motors that push in opposite directions. We expect that in higher cells, overlap and antagonism between spindle motor activities will be a common theme (and an experimental complication).
The goal of the studies discussed herein includes a thorough description of (1) mitotic spindle motility events, (2) the properties of the molecules participating and (3) how these molecules interact. We will, therefore, begin by describing the cytology of mitosis in Saccharomyces. We will follow this by a discussion of the mitotic motors and their proposed functions. We encourage readers interested in learning about Saccharomyces and/or other microtubulebased motors to visit the following web sites: Yeast Protein Database (http://www.proteome.com/ databases/YPD/index.html), Saccharomyces Genome Database (http://genome-www.stanford.edu/ Saccharomyces/) and Kinesin home page (http:// www.blocks.fhcrc.org/Vkinesin/).
Description of mitosis in yeast
In order to appreciate the roles performed by Saccharomyces spindle motors, it is useful to review the basic steps of mitosis in budding yeast. Unlike animal cells, the nuclear envelope of fungal cells does not break down during mitosis. This physical barrier creates two classes of microtubules, nuclear and cytoplasmic, that are functionally distinct. The two types of microtubules are nucleated from opposite sides of the spindle pole body (SPB), a disk-shaped structure embedded within the nuclear envelope. Although the SPB does not resemble the centrosome of animal cells, these structures function in a similar manner and share related protein components [4] . In G 1 of the cell cycle, SPBs duplicate in a side-by-side fashion. The SPBs are then pushed apart by the assembly of a short spindle (approx. 1.5 Wm) consisting of a bipolar microtubule array. The midzone of the spindle contains antiparallel microtubules from both poles in close proximity [5] . The interactions between these antiparallel microtubules are probably essential for bipolar spindle structure (see below). Sister chromatids attach to the spindle, although the timing of this event has not been established. There also does not appear to be a congression event in which attached chromosomes move to a metaphase plate in the center of the spindle [6, 7] . Each yeast chromosome binds to a single microtubule from each pole via a relatively simple centromeric DNA/kinetochore complex [8^10]. The proper bipolar attachment of all chromosomes to an assembled spindle signals the cell to enter the chromosome-segregating stage, anaphase. Anaphase in Saccharomyces occurs in several discrete stages. Chromosomes separate and migrate toward the poles along kinetochore microtubules in anaphase A [6, 7] . On account of the small distance between poles in the preanaphase spindle, anaphase A contributes very little to the spatial separation of yeast chromosomes. Most chromosome separation occurs in anaphase B during which SPBs and their closely associated set of chromatids are separated approx. 6^7 times their preanaphase distance (to approx. 10 Wm). Anaphase B occurs in stages; a rapid elongation step (1^2 Wm/min) until the spindle reaches approximately half of its ¢nal length, followed by a period of slow elongation (0.2 Wm/min) until completion [11^13] . In telophase the spindle is disassembled and cytokinesis rapidly follows.
Saccharomyces cells divide asymmetrically by budding. It is therefore essential to the proper segregation of progeny nuclei that the spindle be moved to the neck between the mother and bud cell bodies. This process is often referred to as nuclear migration since the entire nuclear contents are moved along with the spindle. Indeed, spindle positioning is an essential aspect of almost all eukaryotic mitotic division processes. In the cells of multicellular animals, the position of the spindle determines the cleavage plane in the ensuing cytokinesis. Many developmental events require that cleavage planes occur in speci¢c positions and therefore depend upon proper spindle positioning [14] . Spindle positioning in Saccharomyces begins during spindle assembly (G 1 and S phases) and is accomplished exclusively by the cytoplasmic microtubules, the functional equivalents of the astral microtubules of higher cells [15, 16] . Highly dynamic cytoplasmic microtubules appear to search for a connecting structure residing in the cortex of the emerging bud [17^19]. The establishment of these connections is believed to be important for directing spindle/nuclear migration towards the mother-bud neck. At anaphase, the spindle becomes positioned parallel to the mother-bud axis. One spindle pole is pulled through the neck and into the bud as spindles elongate, while the other pole is retained in the mother cell. As will be discussed below, motors that contribute to bipolar spindle elongation and spindle positioning cooperate in anaphase to produce the separation of progeny nuclei.
Properties of Saccharomyces mitotic spindle motors
There are three fundamental activities that microtubule motors may contribute to spindle function: motility, microtubule attachment and regulation of microtubule dynamics. Motility of cargo relative to the microtubule lattice is probably the most important of these and is what sets motors apart from other microtubule binding proteins. Motor proteins may also cross-link microtubules to each other, or mediate attachments to chromosomes and cellular components. Motors may be used for this purpose in order to make such attachments nucleotide labile. As will be discussed below, microtubule-microtubule cross-linking by the BimC-type kinesins appears to be essential for the assembly of bipolar spindles. The dynamic behavior of microtubules is closely regulated and clearly contributes to their in vivo function. Movement of cargo can be achieved in vitro by coupling to the depolymerizing end of a microtubule [20, 21] . Neither an association with microtubules nor microtubule-based motor activity has been detected for Smy1p. smy1 mutants display no genetic interactions with any other microtubule motor genes [27, 28] . In contrast, mutations in the remaining six motor protein genes show extensive interactions characteristic of gene products involved in a common process (in this case, spindle function). In this section, we describe the physical properties determined or inferred for the six Saccharomyces spindle motors. An extensive discussion of the in vivo roles performed by these motors, determined from phenotypic analyses of mutants, appears in Section 4.
Cin8p and Kip1p: the BimC family
Cin8p and Kip1p belong to the BimC subfamily of kinesin-related proteins, characterized by strong sequence similarity in the motor domain as well as similar functions in spindle assembly. BimC kinesins have an amino-terminal motor domain (Fig. 1) . They also have a similar overall structural organization and size (960^1100 amino acids). BimC kinesins have been identi¢ed in all eukaryotes examined to date including Xenopus laevis, humans, mouse, tobacco, Arabidopsis thaliana, C. elegans, S. pombe, Drosophila melanogaster, and Aspergillus nidulans. The function performed by BimC motors is clearly essential to cell reproduction. Saccharomyces must express either Cin8p or Kip1p for viability [29, 30] . Other organisms appear to express a single BimC gene that is essential. These include cut7 of S. pombe [31] , bimC of A. nidulans [32] , and klp61F of D. melanogaster [33] .
In addition to high sequence similarity in the motor domain, BimC kinesins share sequence similarity in a`neck' region adjacent to the motor (Cin8p amino acids 513^523) that is unique to the subfamily [34, 35] . Following the neck is a stretch of approx. 150 amino acids strongly predicted to form a coiled K-helical coil. For Cin8p, this region is essential for self-association [36] . Among the BimC motors, the remainder of the stalk region is highly divergent in sequence, but generally contains smaller coiled coils that ¢t the consensus less well than the ¢rst coil. For Cin8p, some of these more carboxyl-terminal coils participate in higher order oligomerization [36] . The non-coiled carboxyl-terminal tail of most BimC motors contains a conserved approx. 20 amino acid Fig. 1 . The seven S. cerevisiae microtubule-based motor proteins. The primary sequences of Saccharomyces kinesin-related motors are drawn to scale with length in amino acids shown at the right. The single cytoplasmic dynein heavy chain (Dyn1p) was reduced 85% to ¢t on the page. The results of structure-function studies on Cin8p are shown but do not necessarily apply to analogous regions of the other motors. We have indicated regions not essential in vivo (`N.E.'), and the regions required for oligomerization and nuclear localization ( [36] ; E.R.H., L. Gheber and M.A.H., unpublished). Kinesin-related motor domain sequences (gray) and the conserved Ploop (ATP-binding) sequence, GxxxxGKT (`P'), are indicated for all the motors. The amino-terminal region of Kar3p may bind microtubules via a domain with sequence similarity to microtubule-associated proteins (`MAP-like'). Binding by this domain is predicted to be nucleotide insensitive. A microtubule-binding domain in Dyn1p is also indicated [80] . Regions of potential coiled K-helical coils were predicted by the COILS program [121] . Amino acid sequences with 10^50% or 50^100% probabilities of forming coiled coils are indicated with di¡erent ¢lls as shown in the key.
`BimC box' which contains a p34 cdc2 cyclin-dependent kinase phosphorylation target site [37] . Phosphorylation of this site is required for the spindle localization of both the X. laevis and human BimC motors (both named Eg5 [37^39]). A study of the D. melanogaster BimC KLP61F suggested that phosphorylation at this site directs the protein to the nucleus and may actually exclude the protein from microtubules until the time of nuclear envelope breakdown [39] . The role of the BimC box is less clear in fungi. Mutation of the BimC box in cut7 of S. pombe, caused no obvious phenotype and the mutant protein was properly localized [40] . The BimC box is missing from both Cin8p and Kip1p. [42] . The KLP61F complex is shaped like an elongated dumbbell, approx. 100 nm long, with two motors on each end separated by an approx. 60 nm stalk [43] . By virtue of this bipolar arrangement of the motor domains, KLP61F can cross-link microtubules in vitro [43] . In vivo, KLP61F localizes to spindle ¢bers throughout mitosis with the highest concentration at the spindle midzone [39, 44] . An antibody directed against a form of KLP61F phosphorylated within the BimC box decorated electron dense cross-links between spindle microtubules. The protein was found on both parallel and antiparallel pairs of microtubules within the spindle [39] . Other BimC motors also localize to mitotic spindles [37,45^47] including Cin8p [48] and Kip1p [30] but microtubule crosslinks have not yet been visualized.
BimC motors from diverse species exhibit similar motility properties in vitro. KLP61F, X. laevis Eg5, and Cin8p are microtubule plus end-directed motors with motility rates measured between 1 and 4 Wm/ min [41, 42, 44, 46] . This rate is slow (by 10^20-fold) relative to conventional kinesin, but appropriate for the rate of spindle movements observed in mitosis. Motility in vitro catalyzed by BimC kinesins required ATP. Release of these motors from microtubules required high ionic strength, and was inhibited by nonhydrolyzable ATP analogues [41, 42, 44, 46] . Cin8p and KLP61F exhibited microtubule bundling [41, 42] , a property that may re£ect their proposed in vivo microtubule cross-linking role. Mutagenesis studies suggested the amino acid residues identi¢ed as important for ATP hydrolysis, microtubule binding and motility in conventional kinesin [49] , participate in the same activities in BimC motors [41, 50] . The functional signi¢cance of amino acid residues unique to BimC family motors has not been addressed.
In vitro studies on X. laevis Eg5 and Cin8p suggested that BimC kinesins are less processive than conventional kinesin [34, 41] . Processive motors take more`steps' along a microtubule before dissociating than non-processive motors. It has been proposed that processivity may be in£uenced by the amino acid sequence of the neck region [51, 52] in which BimCs di¡er from kinesin. BimC motors may be functioning in the spindle in a manner analogous to muscle myosin on actin ¢laments where a highly concentrated array of motors in close proximity to a ¢lament prevents di¡usion of the ¢lament away from the motors [53] .
Kar3p
Kar3p is the founding member of a conserved family of kinesin-related proteins that also includes the well-studied NCD of D. melanogaster. This family is characterized by a carboxyl-terminal motor domain as well as microtubule minus end-directed motility [54^57]. The crystal structures of the Kar3p and NCD motor domains have been solved and compared to that of kinesin [58^60] . All three show a strong conservation of secondary structural elements with a few minor di¡erences, mainly in protein surface loops. Therefore, the motor domains of Kar3p and its relatives probably bind microtubules and hydrolyze ATP using the same general mechanism as other kinesins. The minus end-directionality has been demonstrated to be speci¢ed by the neck region that . In addition to its motile activity, Kar3p can also destabilize the minus ends of microtubules in vitro [56] . The non-motor regions of Kar3-kinesins are not conserved in sequence but each includes a central region predicted to form a coiled coil (Fig. 1) . Kar3p has a second potential microtubule binding domain at its amino terminus with sequence similarity to microtubule-associated proteins (`MAPs') [65] . This region may be important for a cross-linking role performed by this motor. BimC motors can crosslink by virtue of their ability to form bipolar tetramers. However, by analogy to the structure of NCD [66] , Kar3p probably forms parallel dimers. The tail-located microtubule-binding domain may permit these dimers to cross-link microtubules. This second microtubule-binding site may be in other Kar3 family kinesins. The amino-terminal region of NCD also has similarity to MAPs and can bind to microtubules in vitro [66, 67] . In addition, the A. nidulans homologue, klpA, can substitute for KAR3 in Saccharomyces [68] .
Kar3p associates with two homologous, but functionally distinct, accessory subunits, Cik1p and Vik1p. These subunits target Kar3p to di¡erent cellular regions and di¡erent functional roles [69, 70] . Cik1p associates with Kar3p in a complex distinct from the Kar3p/Vik1p complex and both complexes have distinct localization patterns (Table 1 ). Kar3p and Vik1p are interdependent for localization to SPBs during mitosis. Cik1p may be responsible for the localization of Kar3p to nuclear spindle microtubules [70] . Genetic evidence suggests that the Kar3p/Cik1p complex (but not Kar3p/Vik1p) is also responsible for Kar3p's mitotic spindle positioning actions upon cytoplasmic microtubules [71] . Like Kar3p, Cik1p (but not Vik1p) is required for nuclear migration during karyogamy (nuclear fusion during mating), a process mediated by cytoplasmic microtubules [72] . Accordingly, Kar3p and Cik1p are interdependent for localization on cytoplasmic microtubules in mating cells [69] .
Kip2p
Kip2p is a kinesin-related protein containing a centrally located motor domain and a 140 amino acid coiled coil region at the carboxyl terminus [30] . The amino terminus and motor sequences are most similar to a protein of unknown function (SPBC1604.20C) identi¢ed by the S. pombe sequencing project (http://www.sanger.ac.uk/Projects/ S_pombe/). Some sequence relatedness can also be detected between Kip2p, Saccharomyces Kip3p and D. melanogaster KLP67A, a plus end-directed kinesin-like protein associated with mitochondria [73] . Kip2p is present throughout the cell cycle and has been localized to spindle pole bodies and cytoplasmic microtubules [74, 75] . Kip2p has neither been found within the nucleus nor has a nuclear role been detected.
Kip3p
Kinesin-related Kip3p has an amino-terminal motor domain and a potential coiled coil adjacent to the motor (Fig. 1) . Outside the motor region, Kip3p has no similarity to sequences in the database [76] . Two S. pombe homologues of Kip3p have been identi¢ed based on their motor sequences. Together, these three motors make up a novel class of kinesin-related proteins (Kinesin home page).
Kip3p localizes to cytoplasmic and spindle microtubules. Early in the cell cycle Kip3p is mainly on cytoplasmic microtubules. In mitosis, it is most concentrated along the nuclear spindle, but was also observed in the cytoplasm in punctate dots and on microtubules. Late in anaphase Kip3p is most obvious in the spindle midzone [75, 76] .
Dynein and dynactin
Cytoplasmic dynein, a minus end-directed motor family, and functionally associated dynactin are large, multi-subunit complexes involved in numerous motile processes in eukaryotic cells [77] . Sequence homologues of some of the subunits identi¢ed in animal cells were identi¢ed in the Saccharomyces genome (i.e., DYN1 encodes the dynein heavy chain and ARP1 encodes the dynactin non-conventional actin). Other subunits display weak or even undetectable sequence conservation. Phenotypic analysis of mutants and in vitro association studies have nonetheless revealed that these distantly related gene products are bona ¢de dynein or dynactin subunits.
The single Saccharomyces cytoplasmic dynein heavy chain, Dyn1p (a.k.a. Dhc1p), shares a similar structural organization to other dynein heavy chains (Fig. 1) . Dyn1p is a large polypeptide (471 kDa; the second largest encoded in Saccharomyces) containing a highly conserved centrally located region with four ATP binding sites (P-loops) followed by a conserved microtubule-binding site that is £anked by coiled coils [78^80]. PAC11 and DYN2 encode the intermediate and light chains for this dynein complex. Pac11 and Dyn1p physically interact as do their homologues in other organisms [81] .
Localization of wild-type dynein, at its endogenous expression level, has not been achieved for Saccharomyces. We note here that in addition to localization di¤culties for these low abundance proteins, motor protein localization studies must be quali¢ed by other caveats. Since motors are motile, it is not clear whether a location where they detectably accumulate re£ects the important cellular site of action. Overexpressed forms of the Dyn1p polypeptide and other pathway components have been found associated with spindle poles, cytoplasmic microtubules and cortical patches ( [12, 18, 81] ; J. Geiser and M.A.H., unpublished observation) (see Table 2 ). The cortical location seems most consistent with the proposed role for dynein in spindle positioning. From this location, a minus end-directed motor could bind the plus end of a cytoplasmic microtubule and exert force that would pull the minus end-attached SPB towards the periphery of the cell (Fig.  2) . Contacts of cytoplasmic microtubules with the cell cortex were diminished in dyn1 mutant cells [17] . In the ¢lamentous fungus A. nidulans, the dynein heavy chain is easier to visualize and has been found concentrated at the apical tips of extending hyphae [82] . Dynein is required to move the nuclei into the growing hyphae (towards the apical tip) and therefore may be acting in a manner analogous to Saccharomyces dynein.
Dynactin was originally identi¢ed by its requirement for dynein-mediated motility of membranebound organelles in vitro [83] . It is unlikely that dynein performs this function in Saccharomyces (i.e., unlike animal cells, the function of the secretory pathway is una¡ected by the complete elimination [81] ) (see Table 2 ). In addition, Cap1p [35, 88] so it is possible that not all the Fig. 2 . Proposed roles for mitotic motors of S. cerevisiae. Cin8p and Kip1p are drawn as tetrameric bipolar complexes that cross-link nuclear microtubules (nMT) and move toward their plus ends. The e¡ect of Cin8p and Kip1p action is to push spindle pole bodies (SPB) apart. Kar3p participates in two distinct complexes. The Kar3p/Vik1p complex probably has a nuclear role only and generates a force that opposes Cin8p and Kip1p, pulling spindle poles together. The Kar3p/Cik1p complex acts in the cytoplasm to position the spindle and in the nucleus performing an unde¢ned function. Kip3p also functions on nuclear microtubules, but its role is not well characterized. The two di¡erent pathways for spindle/nuclear positioning are designated by separate cytoplasmic microtubules (cMT) although this is only for clarity. Dynein and dynactin are proposed to operate from the cell cortex in a pathway that also includes Kip2p. Kar9p/Bni1p and actin are believed to tether the plus end of a cytoplasmic microtubule to the bud cortex, providing a track for Kip3p and/or Kar3p/Cik1p to work upon.
Saccharomyces subunits have been identi¢ed. The phenotypes of cells de¢cient for Nip100p, Jnm1p or Arp1p are indistinguishable from Dyn1p and Pac11p mutants and double mutant combinations are no more severely a¡ected than single mutants [89] . This is strong evidence that these gene products function in a common pathway. Nip100p, Jnm1p1 and Arp1p are physically associated in a 15.5S complex [81] , compared to the 20S complex of dynactin from animal cells [83] . Nip100p possesses a CLIP170-like microtubule binding domain as is also found in other p150 Glued homologues [81] . This suggests that attachment of dynactin to microtubules is an important conserved property.
The study of Saccharomyces dynein function was greatly aided by the ¢nding that this non-essential motor overlaps for an essential function with the BimC motor Cin8p [90] . Cells missing either motor are viable, but double mutants are not, probably due to a defect in anaphase spindle elongation. A genetic screen for genes required for viability in cells deleted for CIN8 identi¢ed many of the dynein pathway genes [89] . Interestingly, some of these genes encode products that had not been previously identi¢ed by biochemical approaches to cytoplasmic dynein function. These include PAC1, BIK1 and NUM1.
Pac1p is homologous to human LIS-1 [89] required for normal brain development [91] . In humans de¢cient for one copy of the LIS-1 locus, a neural migration event that generates the convoluted surface of the brain cerebral cortex does not occur. This causes lissencephaly (or`smooth brain'), a severe form of mental retardation [92] . The human LIS-1 protein has been found associated with microtubules [93] . It has been suggested that speci¢c nuclear migration events within neurons may be required for brain development [89, 94, 95] . Perhaps these neural nuclear migration events are driven by dynein in a similar manner to the movements of nuclei by dynein in Saccharomyces. Bik1p is a nonessential microtubule-associated protein with sequence similarity to CLIP-170 of animal cells [96, 97] . CLIP-170 binds preferentially to the plus ends of microtubules [98] suggesting that Bik1p may aid dynein association with plus ends. Num1p is a cortical protein that preferentially concentrates in mother cells during the S/G 2 phase of the cell cycle [99] . Perhaps Num1p is involved in localizing dynein to the cell cortex, hypothesized to be its important site of action. Another dynein pathway component identi¢ed in A. nidulans by genetic analysis is NudC, but an amino acid sequence homologue in yeast is not obvious [100] . A mammalian homologue of NudC was found to physically interact with the LIS-1 protein [94] .
In vivo roles of Saccharomyces spindle motors
The following section illustrates the type of experimental dissection of spindle motor function that can be uniquely performed in Saccharomyces. In Section 3 we introduced the small complement of spindle motors expressed in these cells. Now we discuss experiments that utilize mutants de¢cient for various combinations of motor genes to reveal in vivo motor roles. The important steps in mitosis are bipolar spindle assembly, spindle positioning and anaphase chromosome segregation. Each is considered individually below, although there is some degree of temporal and mechanistic overlap between these processes. Each of these steps is accomplished by a di¡erent subset of the six Saccharomyces spindle motors (see Table 3 ). Since the yeast nuclear envelope does not break down in mitosis, motor functions in the nucleus (spindle assembly and elongation) and the cytoplasm (spindle positioning and a small contribution to elongation) remain distinct. For the BimC motors, Cin8p and Kip1p, only nuclear roles have been detected and only cytoplasmic roles are known 
Bipolar spindle assembly
Saccharomyces spindles are able to assemble and elongate normally in the complete absence of cytoplasmic microtubules [15, 16] . Therefore, contributions from the cytoplasmic microtubules to these processes are not essential. Spindle assembly in Saccharomyces depends on nuclear microtubules. Other eukaryotes, however, appear to use forces operating on the astral microtubules to accomplish pole separation [101] .
The BimC motors, Cin8p and Kip1p redundantly provide an essential spindle assembly activity. Cells tolerate loss of either individually, but elimination of the function of both prevents the separation of duplicated poles into a bipolar spindle. Experiments in which the activities of BimC kinesins in diverse eukaryotic cell types were compromised yielded similar ¢ndings; poles did not separate and bipolar spindles failed to assemble [29^33, 37, 46] . All BimC motors examined have been found on the microtubules located between spindle poles, exhibit plus end-directed motor activity and form bipolar tetramers (see above). This suggests that BimC motors cross-link antiparallel microtubules in the spindle midzone and slide them past one another to separate poles (Fig. 2) . The D. melanogaster BimC, KLP61F, has been localized to microtubule-microtubule cross-links in the spindle midzone [39] . The cross-linking activity of BimC motors is probably most important for spindle structure. The motile activity is likely essential for spindle pole separation [13, 41, 102] .
The assembled preanaphase bipolar spindle is a metastable structure. A force pushing spindle poles apart appears to be counterbalanced by a force pulling them inwardly. That these forces are generated by motors is indicated by mutants that disrupt the normal balance. When both Cin8p and Kip1p activities were eliminated, preformed spindles collapsed with separated poles rapidly moving back together [48] . This collapse e¡ect was suppressed by reducing the activity of the minus end-directed motor Kar3p [48, 103] . If total Cin8p/Kip1p activity was mutationally reduced or Kar3p was overproduced, spindles shortened. Overproduction of Cin8p caused spindles to lengthen [102, 104] . Therefore, these motors produce balancing forces that determine proper spindle length. The BimC motors are required for an outwardly directed force, while Kar3p is required for an inward force. Studies of S. pombe, A. nidulans and D. melanogaster indicated that BimC motors and Kar3 motors antagonize each other during spindle assembly in these species as well [68, 105, 106] .
How does Kar3p act to pull the poles of metaphase spindles inwardly? Three models have been suggested that are not necessarily mutually exclusive [48, 103, 104] . Indeed, it is now clear that Kar3p has a number of distinct roles and can act at di¡erent sites in the spindle. First, Kar3p could be acting at kinetochores, a ¢nding supported by a biochemical study of centromere-dependent microtubule motility [107] . Since kinetochores are linked prior to the onset of anaphase, minus end-directed kinetochore movement would pull poles towards each other. Second, Kar3p could cross-link antiparallel microtubules in the spindle midzone, as was proposed for the BimC motors. A minus end-directed cross-linking motor, however, would pull poles together (Fig. 2) . The ability of Kar3p to cross-link is suggested by its possession of two microtubule binding domains (an amino-terminal MAP-like domain and the carboxyl-terminal motor) and studies of its role in karyogamy [65] . In karyogamy, Kar3p is believed to cross-link cytoplasmic microtubules from the poles of two mating nuclei and pull them towards each other. A cross-linking activity for Kar3p has also been invoked to explain a special class of KAR3 mutants [103] . These Kar3p forms are uniquely able to support the viability of cells missing both BimC motors. It was proposed that these alleles reduce the inward activity of Kar3p but retain its ability to contribute to spindle structure by cross-linking. Support for this hypothesis came from the report that one of these forms binds microtubules with rigor on account of uncoupled communication between the microtubulebinding and ATP hydrolysis sites [108] .
A third mechanism that Kar3p may use to pull spindle poles inwardly could involve its ability to depolymerize microtubules at their minus ends [56] . Flux of tubulin from the poleward ends of spindle microtubules would cause poles to move together. Support for this hypothesis came from the ¢nding that spindle collapse caused by loss of the BimC motors is suppressed by a L-tubulin mutation that increases microtubule stability [104] . Also, this collapse can be suppressed by the deletion of VIK1, encoding a Kar3p accessory subunit. The vik1v strains are more resistant to benomyl, a microtubule destabilizing compound, than wild-type and Vik1p is required to localize Kar3p to SPBs [70] . Taken together, these ¢ndings suggest that Kar3p/Vik1p complexes act at spindle poles to promote microtubule depolymerization that pulls poles together (Fig. 2) .
As described above, Saccharomyces cells require the function of one of the BimC motors for bipolar spindle assembly and structural integrity. A recent study revealed a second pair of motors that overlap for an essential spindle structural role. Cells de¢cient for both Kar3p and Kip3p are also inviable and unable to separate poles and form a bipolar spindle [71] . In this case, further study will be required to determine the nature of the essential activity for which Kar3p and Kip3p overlap. We note that unlike Cin8p and Kip1p, Kar3p and Kip3p do not belong to closely related kinesin sequence families (Fig. 1) . The kar3 kip3 spindle assembly defect can be suppressed by the inclusion of benomyl in the media, suggesting that an important aspect of this defect involves the inability to promote microtubule instability [71] .
Anaphase
Anaphase, the chromosome-segregating stage of mitosis, is accomplished by poleward movement of kinetochores (anaphase A) and spindle elongation (anaphase B). The short distance traveled by kinetochores in anaphase A in Saccharomyces raises the question of whether this mechanism is essential for chromosome segregation. Certainly one aspect of this process, kinetochore attachment to kinetochore microtubules, must be required. A popular, but unproved dogma in this ¢eld is that this attachment is mediated by a motor protein. Isolated rodent kinetochores [109] and Saccharomyces kinetochores reconstituted in vitro using centromeric DNA [107, 110] exhibited motility on microtubules. Cytoplasmic dynein and dynactin are found at the kinetochores of animal cells and are suspected to contribute to kinetochore function [77,111^114] . A role in the Saccharomyces nucleus has not been detected for dynein, however. Since none of the Saccharomyces spindle motors are essential, we must conclude either that kinetochore-microtubule attachment is accomplished by a non-motor protein or that two or more motors redundantly perform this function. Considering this second possibility, the Kar3p, Kip3p, Cin8p and Kip1 motors are the most reasonable candidates because they act within the nucleus.
Anaphase B spindle elongation is dramatic in Saccharomyces and accounts for most of the physical separation of chromosomal DNA.`Real-time' analyses of Saccharomyces cells performing anaphase have revealed that at least three motors cooperatively contribute to spindle elongation: Cin8p, Kip1p and dynein. Single mutants exhibited either no or subtle e¡ects. cin8 single mutants displayed the most severe e¡ect, eliminating the rapid elongation stage at the onset of anaphase [13, 90] . Of the double mutant combinations, the least a¡ected was kip1 dyn1 while those harboring a cin8 mutant allele were severely compromised [90] . Therefore, it appears that Cin8p is the most important spindle elongation motor, although Kip1p and Dyn1p ¢ll in quite well in its absence. As discussed above, the two BimC motors most likely contribute to spindle elongation by crosslinking and sliding midzone microtubules (Fig. 2) .
The contribution of dynein to spindle elongation is more subtle. The elimination of Dyn1p or the dynactin subunit Nip100p caused no detectable anaphase rate defect [76, 81, 90] . However, for cells de¢cient for both Cin8p and Kip1p, the small amount of residual spindle elongation that occurred was dependent upon Dyn1p function. In addition, cells de¢cient for both dynein and Cin8p function were inviable [90] and appeared to die during anaphase (L. Gheber and M.A.H., unpublished observation). As discussed below, dynein probably acts only upon the cytoplasmic microtubules and serves as the most important spindle positioning motor in Saccharomyces. Pulling on the SPBs from a cytoplasmic location not only positions the spindle but must also contribute to SPB separation. Support for this conclusion was derived from a study of the ndc1-1 mutant. This mutant fails to insert the nascent SPB into the nuclear envelope from the cytoplasmic side and therefore cannot develop one of the two half spindles in the nucleus [115] . Nonetheless, the defective pole, lacking nuclear microtubules, was separated from the other pole and translocated from the mother into the bud by a mechanism that depended upon dynein function [12] . Therefore, dynein contributes to spindle pole separation by acting from a cytoplasmic location.
The Kip3p motor may also contribute to anaphase, but its role has not been determined. Kip3p-de¢cient cells undergo a prolonged anaphase that results in longer telophase spindles [13] . Kip3p's localization to the spindle midzone in late anaphase also suggests an anaphase role [76] .
Spindle/nuclear positioning
Proper positioning of the spindle is essential for a variety of developmental events in multicellular species [14] and it is required for budding yeast cell division. One of the progeny nuclei must be translocated through a small neck opening that connects the mother and bud cell bodies. Cells with mispositioned spindles undergo anaphase elongation solely within the mother cell. Spindle positioning is accomplished by the cytoplasmic microtubules, presumably in concert with cell cortical sites that provide connections and spatial cues [15, 16, 116] . Four of the Saccharomyces spindle motors, dynein, Kip2p, Kip3p and Kar3p, function in spindle positioning and operate in at least two distinct functional pathways (Fig. 2) . Real-time analysis suggests that there are mechanical and temporal di¡erences between these pathways. For example, kip3 mutant cells are de¢cient for a mechanism that moves and orients the spindle towards the neck early in mitosis [76] . dyn1 mutants are defective for positioning at a later step, near the onset of anaphase, when one of the progeny nuclei is pulled through the neck [12, 76, 81] . Nonetheless, Saccharomyces can survive with only a single spindle positioning motor so either mechanism must be su¤cient to drive a progeny nucleus into the bud cell [71] .
Individual loss of function of either dynein, Kip2p, Kip3p or Kar3p caused only modest spindle positioning defects under normal growth conditions [28, 71, 75, 76, 78, 79] . Strong spindle positioning defects, and associated cell growth defects, were observed in dyn1 kip3 and dyn1 kar3 double mutant cells [28, 76] . These deleterious phenotypes could be suppressed, however, by the deletion of KIP2 [28, 71] . kip2 mutant cells share many phenotypes with dyn1 cells. Taken together, these ¢ndings suggest that the Kip2p kinesin normally functions along with dynein to position spindles. In the absence of dynein, however, Kip2p antagonizes the spindle positioning activities of Kip3p and Kar3p such that both are required. In cells missing dynein and Kip2p, this requirement is relaxed and either Kar3p or Kip3p will su¤ce as the sole spindle positioning motor (see [71] for more details). It is not clear whether Kar3p and Kip3p act in distinct spindle positioning pathways or if they redundantly perform an activity required for the same pathway.
A close association between microtubule dynamics and spindle positioning mechanisms has been observed in many studies. Cells missing dynein, Kar3p or Kip3p displayed longer microtubules and double mutants exhibited synergistic e¡ects [28,71,74^76,89] . The spindle positioning defects associated with loss of combinations of these motors could be suppressed by a microtubule destabilizing compound (as could the spindle structural defect of cells missing both Kar3p and Kip3p (see above and [71] )). Therefore, these three motors either directly or indirectly promote microtubule instability. In contrast, the Kip2p motor acts to increase the length of microtubules. Loss of function caused extremely short cytoplasmic microtubules [28, 74, 75] while overexpression caused an extra-long microtubule phenotype ( [74] ; F. Cottingham and M.A.H., unpublished observation). The relationship to spindle positioning mechanisms and microtubule dynamics is currently unclear. It is possible that in certain motor mutant combinations (i.e., dyn1 kip3 and dyn1 kar3 double mutants) the extra long cytoplasmic microtubules physically resist movement of the nucleus to the neck. It is likely, however, that the positioning defects in some motor mutants are directly due to loss of motile functions (as opposed to long microtubules).
Of particular interest are the spatial cues that signal the spindle positioning mechanisms. A component of the dynein pathway, Num1p, has been found associated with the cell cortex and is therefore the best candidate for the molecular signal to which the dynein pathway responds [89, 99] . Cells missing dynein require the spindle positioning activities of Kip3p and Kar3p. Two cortically located gene prod-ucts that in£uence spindle positioning, Bni1p and Kar9p, are also required for viability in the absence of dynein [117^119] . This suggests that the Kip3p/ Kar3p positioning pathway(s) use Bni1p and Kar9p as spatial signals. Bni1p is a member of the formin protein family involved in the regulation of the actin cytoskeleton [116] . The cortical localization of Kar9p is dependent upon actin and Bni1p, but not microtubules [118] . Cytoplasmic microtubules appear to associate with a cortical site containing Kar9p [117] . Taken together, the following model is suggested: Bni1p organizes an actin cortical structure with which Kar9p associates. The Kar9p at these sites then recruits cytoplasmic microtubules on which the Kar3p and Kip3p motors are operating to position the spindle (Fig. 2) .
We have presented many examples of cooperative interactions between the six mitotic motors of Saccharomyces. We remind the reader that each motor is distinct in sequence and therefore may normally perform a unique task. However, no single motor is so specialized that it is uniquely required. A good demonstration of the division of labor of spindle motors comes from studies of Saccharomyces cells in which ¢ve of the seven microtubule motor genes were mutationally inactivated [71] . In dividing cells that express only two motors, Cin8p and either Kar3p or Kip3p, elimination of Kar3p or Kip3p activity caused spindle collapse and nuclear mislocalization. In contrast, elimination of Cin8p activity from cells expressing only Cin8p and Kip3p caused spindles to collapse, due to the absence of BimC function, but nuclei positioned normally at the neck. Therefore, in these minimal motor strains, Cin8p was performing a role required for spindle assembly and Kar3p and Kip3p were performing essential roles in both spindle assembly and positioning. Finally, the requirement for either Kar3p or Kip3p activity in these two-motor cells could be partially alleviated by benomyl, a microtubule-destabilizing compound. This supports the hypothesis that an important role for the Kar3p and Kip3p motors involves microtubule destabilization.
Future directions
The rich knowledge of spindle function gained from in vivo studies of Saccharomyces would be greatly enhanced by biochemical and physical studies of the six spindle motors. The conservation of mitotic mechanisms in the eukaryotes should be reason enough to encourage characterization of the yeast motors. One important issue for which in vitro studies can make an important contribution is the strong link between these motors and the dynamic behavior of microtubules. It seems likely that an essential role for many of these motors is to regulate the dynamics of the ¢lament upon which they also produce motile force.
Another important question concerns the regulation of the activities of the spindle motors in the context of the cell cycle. We have barely touched upon this topic here primarily because so little information is currently available. In animal cells, the BimC motor Eg5 is directly a¡ected by the activities of two cell cycle regulatory kinases, the p34 cdc2 cyclin-dependent kinase [37, 38] and the Eg2/Aurora kinase [120] . Homologues of these kinases are essential for the execution of mitosis in Saccharomyces. Since the Saccharomyces cell cycle can be experimentally manipulated by numerous powerful techniques, it seems likely that studies of yeast spindle motor regulation will prove informative.
